2, 4,6,8,10,-based cocrystals have gained increasing attention as a means of obtaining insensitive high explosives. However, the design of ideal candidates for these cocrystals remains difficult. This work compares the crystal energies of the CL-20-dinitrobenzene (DNB) and CL-20-2,4,6-trinitrotoluene (TNT) cocrystals with those of the respective pure coformers. The results indicate that the cocrystal formation is driven by the differences in the energies of the cocrystals and the coformers. Furthermore, analysis via Hirshfeld surfaces and two-dimensional fingerprint plots confirms that the OÁ Á ÁO, OÁ Á ÁH, OÁ Á ÁN and CÁ Á ÁO interactions were the main force for stabilizing the CL-20-based cocrystal structure. Based on these findings, a novel energetic-energetic cocrystal of CL-20-2,4,6-trinitrophenol (TNP) was designed and prepared by means of a rapid method for solvent removal. The crystal structure was investigated via powder X-ray diffraction methods, solid-state nuclear magnetic resonance spectroscopy and Fourier transform infrared spectroscopy. The results revealed that the O-HÁ Á ÁO hydrogen bonding interaction between the phenolic hydroxyl group of TNP and nitro groups of CL-20, as well as nitroÁ Á Á, nitroÁ Á Ánitro and O NO2 Á Á Á(N) NO2 interactions, based on the benzene ring and nitro groups, are the main interactions occurring in the cocrystal.
Introduction
Energetic materials are widely used in military and civilian applications. Many high-energy-density materials (HEDMs), such as 2, 4, 6, 8, 10, (Nielsen et al., 1998) , dihydroxylammonium 5,5 0 -bistetrazole-1,1 0 -diolate (Fischer et al., 2012) and [2,2 0 -bi(1,3,4-oxadiazole)]-5,5 0 -diamine have been synthesized with the aim of improving the explosive power of energetic materials. However, the application of HEDMs has been stymied by the inherent safety-power contradiction of these materials. Methods such as improving the crystal quality (Chen et al., 2012) and mixing with desensitizer have been attempted with the aim of balancing this contradiction. Although these methods have had some achievements, shortcomings still exist, such as energy loss and low applicability (Sun et al., 2018) . For this reason, it is necessary to seek a novel method so as to efficiently obtain more insensitive high explosives.
Cocrystallization is considered as a promising strategy for modifying and optimizing the properties of a class of materials including pharmaceuticals (Ueto et al., 2012) , nonlinear optics (Pan et al., 1996) , ferroelectrics (Horiuchi et al., 2008) and organic electronics (Zhu et al., 2012) . During this process, two or more kinds of molecules are combined in a novel crystal cell by hydrogen bonding, -stacking, p-stacking, halogen bonds, van der Waals forces (Basavoju et al., 2006; Zhang et al., 2018) and so on. Recently, cocrystallization has attracted interest in the field of energetic materials. Despite the lack of hydrogen bond donors in explosive molecules, some cocrystals of HEDMs were still obtained in a fortunate manner, such as benzotrifuroxan , 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (Shen et al., 2011; Li et al., 2015; Ghosh et al., 2018) and CL-20 (Bolton et al., 2011 (Bolton et al., , 2012 Yang et al., 2012; Huang et al., 2018) . Cocrystallization yielded considerable improvement in the safety performance of HEDMs without a significant energy loss. Therefore, cocrystallzation was thought to be an exciting possible method for balancing the contradiction between the energy and safety of energetic materials (Xue et al., 2017; Kent et al., 2018) .
However, the realization of cocrystals formed from energetic materials (i.e. nitrogen-rich compounds) has proven difficult, owing to the lack of predictable interactions for cocrystallization. The design of ideal interactions, such as hydrogen bonding and -stacking between energetic materials and the coformers is therefore critical for increasing the number of energetic cocrystals (Liu, Li, Xu et al., 2018) . Furthermore, the physicochemical properties of coformers are key factors for affecting the performance of energetic cocrystals. In previous studies, many non-energetic materials were selected as the coformers of HEDMs. Unfortunately, although the safety performance of HEDMs was improved by cocrystallization, their explosive performance being obviously degraded Yang, Zeng et al., 2014) . Therefore, materials with high explosive performance have become the ideal coformers to balance the inherent safety-power contradiction of HEDMs.
Here, 2,4,6-trinitrophenol (TNP), a traditional primary explosive, was considered to be an ideal energetic material that could offer predictable hydrogen bonding and -stacking interactions for HEDMs. Therefore, the existence of a promising novel energetic-energetic cocrystal between TNP and CL-20 was reasonably expected. Strangely, this expected CL-20-TNP cocrystal cannot be prepared by slowly evaporating the solvent, it is only possible to obtain it by rapidly removing the solvent. For this reason, the single-crystal data can not be obtained successfully under fast crystallization conditions. Therefore, the crystal structure of CL-20-TNP cocrystal was investigated by means of powder X-ray diffraction (PXRD), solid-state nuclear magnetic resonance (SSNMR) spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, and differential scanning calorimetry (DSC) methods.
Experiments

Materials
Raw CL-20 (99% purity) was provided by the Institute of Chemical Materials, China Academy of Engineering Physics (CAEP). Ethyl acetate and acetone (spectrum grade) were provided by Sinopharm Chemical Reagent Factory. Furthermore, TNP and acetonitrile (analytical grade) were purchased from Chengdu Kelong Chemical Reagent Factory.
Cocrystallization
For the slow cocrystallization experiment, equivalent molar amounts of CL-20 (0.438 g) and TNP (0.229 g) were dissolved in 3 ml of the solvent (ethyl acetate, acetone or acetonitrile). The solvent was then evaporated slowly at room temperature. Afterwards, a random sample was taken for investigation of the solid-precipitation process.
For the rapid cocrystallization experiment, a mixture (molar ratio = 1:1) of CL-20 (0.438 g) and TNP (0.229 g) was dissolved in ethyl acetate (3 ml). The solvent was subsequently evaporated by means of a rotary evaporation method (pressure: À0.08 MPa, temperature: 40 C). The novel CL-20-TNP cocrystal was formed after several seconds.
Characterization methods
2.3.1. Theoretical calculations. All the theoretical calculations were run with the Forcite module of the commercial molecular modeling software package Materials Studio 7.0 Dassault Systè mes, 2013), using the COMPASS force field, and Ewald and atom-based summation methods for electrostatic and van de Waals interactions, respectively (Zhang, Cao et al., 2013; Sun et al., 2018) . The unit cells of each cocrystal and the corresponding coformers were built based on the crystal parameters derived from Cambridge Crystallographic Database (CSD; Groom et al., 2016) . The deposition numbers are as follows: "-CL-20 (CCDC: 117779), -CL-20 (CCDC: 117777), -CL-20 (CCDC: 117778), -CL-20 (CCDC: 765864) (Millar et al., 2010) , (1,3-dinitrobenzene) DNB (CCDC: 201616) (Wó jcik et al., 2002) , monoclinic 2,4,6-trinitrotoluene (TNT) (CCDC: 227800), orthorhombic TNT (CCDC: 227799) (Vrcelj et al., 2003) , CL-20-TNT cocrystal (CCDC: 826174) (Bolton et al., 2011) and CL-20-DNB cocrystal (CCDC: 940129) (Wang et al., 2014) .
2.3.2. Hirshfeld surface analysis. Crystal Explorer 3.1 (Wolff et al., 2012) was used for Hirshfeld surface analysis and for obtaining 2D fingerprint plots based on the crystal parameters derived from the CCDC (Seth et al., 2011; Muthuraja et al., 2016) . The generated plots were used to describe various intermolecular interactions, including OÁ Á ÁH, CÁ Á ÁH, CÁ Á ÁO, CÁ Á ÁC and other contacts occurring in the crystal structures.
2.3.3. PXRD analysis. The PXRD patterns were recorded on a Bruker D8 Advance (Cu K radiation, = 1.5419 Å ), equipped with a Vantec-1 detector and operated at 40 kV and 40 mA. Measurements were performed over 2 ranging from 5 to 40 (scanning step: 0.02 every 0.5 s). 2.3.4. Thermal analysis. The thermal performances of CL-20, TNP and the CL-20-TNP cocrystal were evaluated with DSC. The samples were placed in aluminium pans and heated (heating rate: 20 C min
À1
) from 30 C to 400 C. 2.3.5. SSNMR analysis. The SSNMR experiment was performed on Agilent 600 DD2 spectrometer at a resonance frequency of 600.19 MHz. SSNMR spectra were recorded with a spinning rate of 15 kHz on a 4 mm probe at room temperature. Experiments were performed with a delay time of 3 s and tetramethylsilane was used as the reference. The total number of scans was 32.
2.3.6. FT-IR spectroscopy. The FT-IR spectra of solid samples were collected on a Thermo Fisher Scientific spectrometer. The spectra were collected for a sample mixed with KBr to form a disk with a wavenumber range from 4000 to 400 cm À1 at an interval of 4 cm
.
Results and discussion
Design of a novel CL-20-based cocrystal
The research of CL-20-based cocrystals is becoming more and more active in the field of energetic materials. This is probably due to the fact that the safety performance of CL-20 can be improved without accompanying significant energy loss after cocrystallization with electron-deficient aromatic compounds, such as TNT, DNB and 2,5-dinitrotoluene (Liu et al., 2016) . To explore the driving force of the formation of CL-20-based cocrystals, we compared the crystal energies and intermolecular interactions between CL-20-DNB cocrystal, CL-20-TNT cocrystal and their coformers.
3.1.1. Theoretical calculations. In this section, COMPASS force field was employed to calculate the crystal energies of cocrystals and their coformers. As shown in Table 1 , four distinct polymorphic forms of CL-20 (, , " and ) exhibited different crystal energies. Indeed, "-CL-20 was the most stable phase with a crystal energy of À956.860 kcal mol À1 and -CL-20 was the metastable phase with a higher crystal energy of À949.693 kcal mol
À1
. Combined with previous reports, these results indicate that the crystal energy of a polymorph can affect its crystallization process. More specifically, prior to precipitation, -CL-20 is converted to "-CL-20 in an anhydrous solution, while -CL-20 is converted to -CL-20 (a monohydrate of CL-20) in an aqueous solution (Wei et al., 2016) . -CL-20 and -CL-20 are the high-temperature and high-pressure phases, respectively. These phases are unstable under ambient conditions. For the CL-20-TNT and CL-20-DNB cocrystals, the crystal energies are lower than the sum of the crystal energies of the respective coformers, which contain the same number of molecules. Therefore, the preparation of these cocrystals is thermodynamically allowed under experimental conditions, suggesting that the crystallization process is driven in the direction of the thermodynamically stable phase.
Intermolecular interactions.
The Hirshfeld surface is a powerful tool used to distinguish the regions and types of intermolecular interactions in a crystal (Liu, Li, Gou et al., 2018) . The calculated Hirshfeld surfaces are shown in Fig. S1 and 2D fingerprint plots are shown in Fig. 1 . Interactions of OÁ Á ÁH, OÁ Á ÁN and OÁ Á ÁO occur in each crystal structure. The OÁ Á ÁH interactions are manifested as a pair of edged spikes in the bottom-left region (Fig. 1) . The OÁ Á ÁO interactions are manifested as narrow stripes wrapped by two distinct belts generated from the OÁ Á ÁN interactions. These three interactions represent the main interactions in the five forms of CL-20 (, , , " and ). In addition, the fingerprint plots reveal significant differences between the cocrystals and the respective coformers. Specifically, the wings on the upper and lower left of the plot symbolize the characteristic CÁ Á ÁO interactions observed for the CL-20-TNT cocrystal, the CL-20-DNB cocrystal and two polycrystalline TNT polymorphs. The HÁ Á ÁH interactions are reflected in the distribution of scattering points in the fingerprint plots of these TNT polymorphs. The wings of the CÁ Á ÁH interactions and the heart-shaped CÁ Á ÁC interactions associated with DNB are presented in the respective fingerprint plots.
The relative contact populations of the crystals are shown in Fig. 2 and Table S1 . For the CL-20-DNB cocrystal, the percentage of CÁ Á ÁO interactions increases significantly (from 0.6% for -CL-20 and 3.6% for DNB to 5.2%). This indicates that the strength of nitroÁ Á Á interactions in the cocrystal has increased. In addition, compared with that of the pure CL-20 (, , , " and ), the contribution of OÁ Á ÁH interactions that contact the Hirshfeld surface increases by 2.1%, from 37.3% (-CL-20) to 39.4%. This is attributed to the high frequency of OÁ Á ÁH interactions in DNB (58.2%). The percentage of OÁ Á ÁO (32.8%) interactions indicates the powerful presence of nitroÁ Á Ánitro interactions. This interaction was the main force in stabilizing the crystal structure of CL-20 (36.1% to 48.6%), which contributes only modestly to DNB (9.3%). The considerable OÁ Á ÁN (13.1%) interaction in the crystal structure indicates two-dimensional O NO2 Á Á Á(N) NO2 intermolecular interaction patterns between the adjacent nitro groups, which lie perpendicular to each other. The intermolecular distance of OÁ Á ÁN is, in the present work, considered smaller than that of OÁ Á ÁO (Daszkiewicz et al., 2013) . Furthermore, the low percentage of CÁ Á ÁC (1.0%) interactions is consistent with the occurrence of -interactions between the adjacent parallel benzene ring groups (Muthuraja et al., 2016) . In terms of the CL-20-TNT cocrystal, the contribution of the OÁ Á ÁH contact increases by 6.8%, from 37.3% of -CL-20 and 43.6% of monoclinic TNT to 44.1%. This is indicative of the strong C-HÁ Á ÁO interactions occurring after cocrystallization. Furthermore, the percentage of OÁ Á ÁO (32.8%) interactions indicate strong nitroÁ Á Ánitro interactions. The OÁ Á ÁN (12.1%) interactions are indicative of O NO2 Á Á Á(N) NO2 intermolecular interactions between the adjacent perpendicular nitro groups. Approximately 4.2% of the OÁ Á ÁC contacts can be attributed to the influence of N-OÁ Á Á interactions. The OÁ Á ÁH, OÁ Á ÁO, OÁ Á ÁN and OÁ Á ÁC interactions account for 93.5% of all the interactions and are, hence, considered a major contributor to the stabilization of the CL-20-TNT cocrystal.
In summary, cocrystal formation can be considered a supramolecular synthesis process (Wei et al., 2015) . The driving force of this process stems from differences in the crystal energies between cocrystals and the respective coformers. The structure of the cocrystals is stabilized mainly interactions between CL-20 and the coformers is critical for obtaining CL-20-based cocrystals.
TNP is a traditional primary explosive and has been widely used in military and civilian applications. Although its energy density (1.767 g cm
À3
) is higher than that of TNT (1.654 g cm À3 ), TNP became an obsolete explosive, owing to its high sensitivity and acidity. However, owing to its favorable molecular structure, this material is considered a suitable candidate for hydrogen bonding and -stacking with CL-20. This is attributed to three factors: (i) the O-H group is a very strong acid [pK a (O-H) = 0.36] that can form hydrogen bonds with the nitro group of CL-20; (ii) the pK a of the nitro groups associated with TNP is nearly 12, these groups are extremely weak hydrogen-bond acceptors but form strong nitroÁ Á Ánitro and nitroÁ Á Á bonds; and (iii) both C-H groups in the benzene ring are quite acidic, owing to the presence of the three nitro groups, and are suited for C-HÁ Á ÁO bond formation (Bertolasi et al., 2011) .
Preparation and characterization of the novel kinetic CL-20-TNP cocrystal
In the process of preparing the CL-20-TNP cocrystal, separated of CL-20 and TNP in a series of solvents (ethyl acetate, acetone and acetonitrile) were obtained through solution-phase crystallization via slow solvent evaporation. We assumed that cocrystal formation under conventional preparation conditions was prevented by the crystal energy and thermodynamically unstable nature of the cocrystal. However, the cocrystallization of CL-20 and TNP could be achieved via rapid solvent removal, a method of preparing metastable solids. The crystallization rate has considerable influence on the size and quality of the crystals. The tiny CL-20-TNP cocrystal, prepared under rapid crystallization conditions, was unsuitable for the analysis of single-crystal data. In this work, the crystal structure of a CL-20-TNP cocrystal was investigated via PXRD, SSNMR, FT-IR and DSC methods.
PXRD analysis
PXRD is a convenient tool for analyzing the crystal structure of materials. The position of diffraction peaks is closely related to the cell parameters of crystals. Therefore, CL-20-TNP cocrystal can easily differentiate form its respective coformers via PXRD pattern analysis. In this work, to eliminate the effect of crystal orientation, the simulated PXRD patterns of coformers were used to investigate cocrystal formation. Characteristic peaks (2) occurred at 8. 13 , 10.49 , 13.16 , 23.48 and 30.03 for the CL-20-TNP cocrystal, and these differed significantly from those of CL-20 and TNP (Soriano-García et al., 1978) generated from single-crystal data ( Fig. 3 and Table 2 ). A comparison of the crystallization products obtained under different solvent removal rates indicated that the novel CL-20-TNP cocrystal was only obtained under rapid crystallization conditions (no cocrystal formation was obtained during the slow crystallization process).
SSNMR analysis
SSNMR spectroscopy is an analytical tool for cocrystal analysis. This method is nondestructive, can be used for studying small amounts of powders, exhibits nuclear-site specificity, is sensitive to hydrogen bonding and local conformational changes, and can evaluate mixed-phase samples and solvates (Vogt et al., 2009) . As Fig. 4 shows, the SSNMR data reveal regular changes in the peak position of H atoms. Peaks corresponding to H atoms in the pure TNP phase occur at The powder X-ray diffraction patterns of products from CL-20 and TNP solution as well as the coformers of TNP, -CL-20, -CL-20, "-CL-20, -CL-20 and -CL-20. The top two lines are measured patterns of products under slow and fast conditions. The remaining six lines are simulated patterns.
Table 2
The characteristic peaks in PXRD spectra of CL-20-TNP cocrystal and coformers.
Component
Characteristic peaks ( ) 10.49, 13.16, 23.48, 30.03 TNP 9.32, 18.65, 23.40, 23.74, 13.85, 15.75, 24.08, 13.66, 13.89, 27.50, 12.87, 13.37, 14.18, 15.09, 19.03, 24.07, 24.37 that the lack of electronically active hydrogen facilitates the hydrogen bonding of other electron-rich groups (O-HÁ Á ÁO NO2 ), thereby increasing the value of the chemical shift associated with this bonding. However, the disappearance of the associated phenolic hydroxyl group further confirmed the formation of the cocrystal. In addition, the chemical shift value of hydrogen in the aromatic ring decreased from 8.60 to 8.55 p.p.m., owing to the nitroÁ Á Á interaction between the electron-rich nitro group and the electron-deficient ring. The chemical shift value of the H atoms in CL-20 changed only slightly, indicating that the interactions between these H atoms and other groups are similar to those occurring in the pure CL-20 crystal.
FT-IR spectroscopic analysis
FT-IR spectroscopy is sensitive to wavenumber changes resulting from intermolecular hydrogen bonds and is normally used for qualitative analysis of organic compound polymorphs. In this experiment, several regions were highly sensitive to the structural changes of the cocrystal, and parts of the characteristic absorption peak of the group were offset significantly. The spectra corresponding to CL-20, TNP and the CL-20-TNP cocrystal are shown in Fig. 5 . The phenolic O-H stretching frequencies of TNP are located at 3416.5 cm À1 and the absorption peaks corresponding to the CL-20-TNP cocrystal occur at a higher wavenumber of 3432.2 cm À1 . This shift reflects a change in the chemical environment of the O-H groups, resulting possibly from the O-HÁ Á ÁO NO2 interactions involved in the nitro group of CL-20 and phenolic hydroxyl group of TNP. For the CL-20-TNP cocrystal, the frequencies of asymmetrical-NO 2 stretching are located at 1540.6 cm À1 , which is lower than the wavenumber (1566.7 cm À1 ) corresponding to the stretching in CL-20. This is indicative of changes in the interactions of O-HÁ Á ÁO NO2 , nitroÁ Á Á, nitroÁ Á Ánitro and O NO2 Á Á Á(N) NO2 after cocrystallization. Conversely, the C-H stretching vibration increases in the region ranging 3017.0-3044.9 cm À1 to 3027.3-3058.6 cm À1 , consistent with changes in the interactions of C-HÁ Á ÁO NO2 in the CL-20-TNP cocrystal.
Thermal analysis
The DSC thermograms of CL-20, TNP and the CL-20-TNP cocrystal are presented in Fig. 6 . In the DSC curve, the cocrystal is characterized by a weak endothermic peak. This temperature differs from the melting point of TNP (123. The 1 H SSNMR spectra of CL-20, TNP and CL-20-TNP cocrystal.
Figure 5
The FT-IR spectra of CL-20, TNP and CL-20-TNP cocrystal.
Figure 6
The DSC thermograms of CL-20, TNP and CL-20-TNP cocrystal.
lower than that of CL-20 (245.0 C) and TNP (268.5 C). The differing thermal behavior may have resulted from the changing lattice energies of the cocrystal and coformers.
Formation mechanism of the novel kinetic CL-20-TNP cocrystal
In this work, the solvent removal rate changed the crystallization characteristics of the solutes. The formation process and the crystallization results of cocrystallization could be changed through appropriate control of the solvent removal rate (Lange et al., 2015) . Therefore, different crystallization products could be obtained by changing the solvent removal rate. This phenomenon was explained by examining the ternary phase diagrams (see Fig. 7 ). Under low solventremoval-rate conditions, the phase line of coformers (CL-20 and TNP) was sequentially formed (i.e. the phase line of TNP formed prior to that of CL-20) during the crystallization process and the separated crystallization products were obtained. Surprisingly, the crystallization process of the solutes was changed by accelerating the solvent removal rate. The crystallization process yielded the phase line of the CL-20-TNP cocrystal exclusively and the cocrystallization products were obtained under rapid solvent-removal-rate conditions.
Conclusions
In this work, the crystal energies of CL-20-DNB and CL-20-TNT cocrystals and the corresponding coformers were compared. The results revealed that the energies of the cocrystals were lower than the sum of the energies of the respective coformers, which contained the same number of molecules. The changes in the crystal energies were considered the driving force of the cocrystal formation. Furthermore, the intermolecular interactions of CL-20-DNB and CL-20-TNT cocrystals were analyzed through Hirshfeld surfaces and 2D fingerprint plots. The results indicated that the structure of the CL-20-based cocrystals is stabilized mainly by hydrogen bonding as well as by nitroÁ Á Ánitro, O NO2 Á Á Á(N) NO2 and nitroÁ Á Á interactions. Based on these findings, the design of interactions, such as hydrogen bonding and -stacking between energetic materials, was considered a reasonable method for synthesizing energetic cocrystals. A novel CL-20-TNP cocrystal was prepared via the rapid solvent removal method. The crystal structure of the cocrystal was investigated via PXRD, SSNMR, FT-IR and DSC methods. Specifically, PXRD analyses confirmed that the characteristic peaks of the CL-20-TNP cocrystal differ from those of CL-20 and TNP. Moreover, FT-IR and SSNMR spectra analyses suggested that the cocrystal was formed by a series of O-HÁ Á ÁO hydrogen bonds between the nitro groups of CL-20 and the O-H, two acidic C-H groups in the benzene ring of TNP as well as nitroÁ Á Á, nitroÁ Á Ánitro and O NO2 Á Á Á(N) NO2 interactions. The formation and stabilization of the CL-20-TNP cocrystal structure were attributed to this bonding and set of interactions. Changes in the lattice energies of the cocrystal and coformers were manifested as distinct exothermic and endothermic peaks in the corresponding DSC analysis curves. In addition, the formation mechanism of the novel kinetic CL-20-TNP cocrystal was explained by a ternary phase diagram. The results indicated that the solvent removal rate can change both the formation process and the crystallization results of the cocrystallization process. These results are helpful in understanding the effect of the crystallization rate on the formation process of the cocrystal.
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